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In this work, we present an exceptionally high heat transfer coefficient (HTC) and critical heat flux (CHF) achieved by graphene nanoplatelets (GNPs) and copper composite coatings with tunable surface properties. These coatings were created by a combination of powder metallurgy and manufacturing processes including ball milling, sintering, electrodeposition, and salt-patterning. We demonstrated correlations between various coating processes, resultant surface morphologies, properties, and improved boiling mechanism. Electrodeposition of GNP and copper particles led to formation of tall ridge-like structures and valleys to contain the boiling fluid in between. Higher CHF achieved for these coatings was attributed to the microlayer evaporation. It was observed that ball milling of GNP and copper particles prior to their sinter-coating enhanced their surface roughness that resulted in very high HTC, nearly 5.4 times higher than plain copper surfaces. Additional salt-patterning along with sinter-coating yielded interconnected porous networks with high nucleating activity that rendered record-breaking HTC of 1,314°kW/m2-°C. Combination of these coating processes can be adopted to tailor the surfaces and achieve better boiling performance. Novel techniques developed in this work can be applied to a variety of thermal engineering applications.
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INTRODUCTION
The mechanisms underlying enhanced pool boiling heat transfer have been investigated in past few decades for efficient design of reboilers (Thome, 1988; Lavrikov et al., 2015), heat exchangers (Antonelli and O’Neill, 1981; Ohta et al., 2004), power electronics (Kercher et al., 2003; Wei et al., 2009; Sadaghiani et al., 2017; Sinha-Ray et al., 2017; Zhang et al., 2018; Chauhan and Kandlikar, 2019), and other high temperature engineering applications (Konishi and Mudawar, 2015; Mudawar, 2017). This is attributed to high heat transfer efficiencies or heat dissipation exhibited by pool boiling due to the absorption of large amount of latent heat which is accompanied by phase change from liquid to vapor (Kandlikar, 2019; Amalfi et al., 2020). Numerous studies have improved the boiling performance by increasing the effective surface area through inclusion of micron scale enhancements such as pin-fins (Cao et al., 2018; Kong et al., 2018; Orman et al., 2019), microchannels (Cooke and Kandlikar, 2012; Walunj and Sathyabhama, 2018), notches (McLaughlin, 2019), and other micro and/or nanostructures (Yao et al., 2012; Kandlikar, 2013; Kandlikar, 2017; Raghupathi and Kandlikar, 2017; Yuan et al., 2019). Contoured fin structures cause the bubbles to sweep away from the fin tops resulting in higher bubble departure rates; thereby increasing the heat dissipation. Microchannel-based geometries enhance the boiling performance by creating a physical barrier that separates nucleating and non-nucleating regions, generating separate liquid and vapor pathways for the bubble departure and liquid re-entry (Kandlikar, 2013). The enhancements due to these channels are also due to the strong liquid currents forming over the feeder channels that suppresses the unwanted nucleation and allows separate vapor–liquid pathways that are functional at higher heat fluxes as well (Jaikumar and Kandlikar, 2016). Additionally, liquid jet impingement-based techniques have been implemented by other researchers as well to suppress nucleate boiling in unwanted regions and improve the resultant pool boiling performance (Jaikumar et al., 2017b; Yuan et al., 2019; Pi et al., 2020).
Modifications by varying surface geometries have shown to provide separate pathways for departing bubbles and the incoming liquid that result in higher critical heat fluxes. However, such enhancements create a thermal gradient across the height of the structures resulting in higher wall superheats. Functional surface coatings have also shown promising enhancements in pool boiling due to altered surface properties and structures that improve the overall functionality of the heater surfaces (Park et al., 2014; Patil and Kandlikar, 2014; Patil et al., 2014). It has been demonstrated that the functional surfaces with high porosity intensify the vapor bubble activity as a result of increased nucleation site density. Our previous works have established that the pool boiling critical heat flux (CHF) and heat transfer coefficients (HTC) increase significantly with respect to increased nucleation sites as a result of porosity (Rishi et al., 2018; Rishi et al., 2019a). We have also demonstrated a significant shift in the boiling curve toward lower wall superheat with graphene and copper-based coatings that possessed superior surface porosity, wettability, and wickability (Jaikumar et al., 2017c). These functional coating surfaces with hierarchical pores act as nucleation sites and further improve the vapor bubble dynamics (Gupta et al., 2018a; Rishi et al., 2019a). In addition to porosity, other surface parameters such as surface roughness, wettability, and wickability have also shown to improve the boiling performance by inducing capillary-based liquid resupply into the nucleation sites that delays the vapor layer formation. Carbon nanomaterial coatings, particularly graphene, and carbon nanotubes have been explored for boiling performances (Lee et al., 2016; Jaikumar et al., 2017b; Gupta et al., 2018a; Gajghate et al., 2020; Vasudevan et al., 2020); however, these coatings did not alter the heat fluxes and heat transfer coefficients, significantly. In our recent work, we extensively studied the pool boiling performance of multiscale coatings of graphene and graphene oxide that were produced through electrochemical exfoliation of graphite, and through chemical vapor deposition (Gupta et al., 2018a). We observed that microscale or multilayered graphene coatings performed better than the nanoscale coatings with one to three layers. The microscale coatings of graphene resulted in formation of irregular, tall, and porous morphologies due to disorder arrangement of the graphene layers and the pores or the open spaces between the tall structures held the working fluid that contributed toward the microlayer evaporation and liquid resupply mechanisms underlying enhanced boiling performance. We further confirmed the long-term sustainability on microscale coatings by conducting multiple boiling tests that drastically improved heat transfer coefficient. This resulted from the transition of superhydrophilic to superhydrophobic coatings supported by Fourier transform infrared, (FTIR) studies that confirmed the removal of hydroxyl-based functional groups from the surfaces (Rishi et al., 2019a; Rishi et al., 2019b).
Our preliminary investigation using graphene nanoplatelets (GNPs) based surface coatings produced record-breaking pool boiling performance with a very high critical heat flux at low wall superheat reported in the literature for graphene-based coatings on plain copper surfaces. This is attributed to their unique layered structure comprising tightly packed graphene sheets that render higher wettability than graphene sheets (Rishi et al., 2019a). This comprehensive study focused on copper and GNP-based composite coatings formed by combining various powder metallurgy and manufacturing techniques with a goal of creating tunable interconnect porous surfaces. Briefly, ball milling was used to combine copper and GNP powders which were then coated using sintering and salt-patterning techniques. The GNP and copper were also coated as is using electrodeposition. This paper provides the correlation between each coating method with their resultant surface morphologies and properties, and their consequences on the boiling enhancement mechanisms. These correlations can potentially be applied to the design of heat transfer equipment and devices.
MATERIALS AND METHODS: FORMATION OF COPPER/GRAPHENE NANOPLATELETS COMPOSITE POWDERS AND COATINGS
Graphene nanoplatelets (GNPs) with 500 m2/g surface area were obtained from Alfa Aesar. Copper sulfate pentahydrate (CuSO4.5H2O) and conc. Sulfuric acid (H2SO4) required for electrodeposition were obtained from Fisher Scientific. Copper particles of 1, 20, 45, and 150 µm diameters were acquired from United States Research Nanomaterials Inc. Copper 101 used to fabricate test substrates was procured from McMaster Carr.
Copper/Graphene Nanoplatelets Composite Powder Formation via Ball Milling
A benchtop high-energy vibratory ball mill from Across International was used to create Cu/GNP-based composite powders. Stainless steel balls ∼5 mm in diameter were used for milling. The mixture of GNP-copper particles along with ethanol as a process control agent was milled at 700 rpm for 1 h total with 1 h of resting period after every 15 min of milling. The resting period prevented the overheating and acted as a short annealing cycle which promoted GNP draping phase and alloying of GNP and copper, schematically as shown in Figure 1A.
[image: Figure 1]FIGURE 1 | (A) Schematic representation of the ball milling process, (B) Schematic illustration representing the sintering and salt-patterned sintering processes, and (C) plot showing two-step electrodeposition technique and schematic diagram representing the process of deposition.
Sintered and Salt Pattern-Based Coatings
The composite coatings were formed on plain copper test surfaces with an average surface roughness (Ra) of ∼0.4 µm using electrodeposition and sintering techniques. Prior to coating, the test sections on the copper substrates were prepared to ensure the 1 cm2 by covering the surplus area with Kapton tape. The exposed boiling area was thoroughly cleaned with distilled water and IPA. The ball-milled powders were mixed with urethane overprint clear screen binder obtained from Nazdar SourceOne and were screen printed on the plain copper test surfaces using a squeegee and a CP-100 frame. The binder to Cu/GNP powder weight ratio was kept constant at 1:2 for all the coatings. Screen-printed surfaces were then transferred to a sintering furnace and sintering was performed under inert helium atmosphere. The sintering process consisted of an initial heating with a ramp up to 450°C and the temperature was maintained constant for 30 min in order to burn off the binder from coating. This was followed by a second temperature ramp up to 800°C and holding at that temperature for 1 h. The sintered coatings (Figure 1B) were then allowed to cool down in the furnace to room temperature under continuous helium flow (Jaikumar et al., 2017c).
The salt-patterned samples were prepared by combining sodium carbonate pellets with screen printing binder and ball-milled Cu/GNP mixture. Salt pellets to ball-milled powder mixed at 1:3 ratio by weight was used to develop salt-patterned sintered coatings using the sintering parameters mentioned above. The process was concluded by immersing the coatings in distilled water for 30 min to eliminate salt pellets.
Electrodeposition-Based Coatings
A two-step electrodeposition method was developed to create Cu/GNP coatings with copper block as anode and copper test surface as cathode. The electrolyte consisted of copper sulfate, sulfuric acid, and distilled water. GNP was added to the electrolyte at 0.5, 1, 2, and 2.5 wt% concentrations. Further increase in the concentration of GNP led to the agglomeration and sedimentation of the GNP particles. A current density of 0.4 A/cm2 was applied for 15 s ensuring the Cu/GNP deposition that resulted in the evolution of hydrogen gas bubbles due to the electrolysis of water in the electrolyte solution. This was followed by application of a lower current density of 0.04 A/cm2 for 2,500 s as shown in Figure 1C. The lower current was insufficient to generate hydrogen bubbles and at this step, the existing hydrogen bubbles collapsed; thus, creating a hierarchical porous network on the surface (Patil and Kandlikar, 2014). The lower current step contributed in strengthening the bond between the particles that also resulted in their improved adhesion to the substrate. Electrodeposited coatings were generated with varying ratios of GNP by adding the calculated mass of GNP in the electrolyte.
Optical and Analytical Techniques for Surface Characterization of the Copper/Graphene Nanoplatelets Powders and Coatings
The surface morphology of electrodeposited and sintered coatings was observed using TESCAN Field Emission Mira III LMU and JEOL JSM-6400V scanning electron microscopes (SEM) operated at 15 kV. The elemental analysis of the composite coatings was performed using energy dispersive X-ray spectroscopy (EDS) measurements on Bruker Quantax EDS with XFLASH 5010 detector attached to a field emission SEM MIRA II LMH. Surface roughness of the coatings was analyzed by a scanning confocal laser microscope (Keyence VKX-200).
The combined morphologies of ball-milled copper and GNP powders were observed on Hitachi HD-2300 dual EDS scanning transmission electron microscope (STEM). FTS 4000-ATR Fourier transform infrared (FTIR) spectroscopy was performed on ball-milled copper/GNP powders to confirm the presence of graphene through observance of its functional groups. TA Instruments Q50 Thermogravimetric analyzer (TGA) was used to quantify the amount of GNP associated with copper particles as a result of ball milling by monitoring the weight change of the sample with increased temperature. Multi-wavelength Jobin Yvon Horriba Lab RAM HR Raman Spectroscopy using He-Ne Laser (λ = 632.8 nm) and Rigaku DMAZ-IIB X-Ray Diffractometer (XRD)(Cu Kα radiation and wavelength1.5418 Å) techniques were implemented for estimating the number of graphene layers and the quality of deposited graphene.
POOL BOILING TEST SETUP
A plain copper test surface and a heater block of copper (Figure 2) alloy 101 was manufactured using the CNC machine to measure the local temperature during boiling and heat supply, respectively. A schematic illustration of the entire pool boiling test setup used for all the experiments is presented in Figure 2. Four cartridge heaters (120 V-DC, 200 W each) were inserted into the sides of the copper heater block located at the bottom of the apparatus (Figure 2) and the 10 × 10 mm surface of the copper heater was kept in contact with the copper test surface, which also has a base section of 10 × 10 mm. This enabled 1-D heat conduction from the copper heater to the test surface. In order to minimize the thermal resistance between two mating surfaces (copper heater block and copper test surface), a grafoil sheet was placed (Supplementary Figure S1). Heat losses were minimized by an outside ceramic insulator. A National Instruments cDaq-9172 data acquisition system with an NI-9211 thermocouple input module was used to record the temperatures during testing, using K-type thermocouples. These temperatures values were then used to calculate the heat flux and heat transfer coefficients. A LabVIEW interface was used which displayed real time temperature value plot with respect to time and was employed for determining the critical heat flux (CHF) condition as temperature values shoot up very high at the CHF condition (Jaikumar et al., 2017a).
[image: Figure 2]FIGURE 2 | Schematic representation of pool boiling apparatus.
A garolite plate that was used as a support for the ceramic test surface holder is shown in Figure 2. On top of the copper test surface is a quartz glass water bath. Another plate was used to further support the water bath with reservoir. Rubber gaskets between the plates ensured a leak proof setup. A top aluminum plate was held at 60 V DC, 200 W auxiliary cartridge heater so that the water bath temperature could maintain boiling, continuously. Temperature was also monitored from the top via a thermocouple which is not shown in the schematic representation. The heat flux and heat transfer coefficients were calculated from collected temperature data (Supplementary Figure S1). All the pool boiling tests were performed with distilled water at an atmospheric pressure and the open loop system was used without using any condenser.
RESULTS AND DISCUSSIONS
Effects of Ball Milling on Copper/Graphene Nanoplatelets Compositing
Ball milling of copper particles of different diameters along with varying concentrations of GNP particles were performed that produced flattened composite particles. These composite particles undergo cold welding, plastic deformation, and work-hardening due to the shear forces arising from their entrapment between the colliding balls shown schematically in Figure 3A. As the copper particles work-harden, their microstructures are altered due to cyclic dynamic recovery and recrystallization. These collisions also increase the surface-to-volume ratio of the particles and the draping of GNP around copper particles. The ball milling cycle also included a short annealing cycle of 1 h after every 15 min of ball milling for cold welding of the copper and GNP particles that promotes the draping of GNP around copper particles as seen on Figure 3B. The images also confirm a drastic reduction in copper particle sizes from 20 µm to a few hundred nanometers post ball milling. STEM image of 20 µm Cu with 5 wt% GNP particles presented in Figure 3C reveals growth in surface roughness. Such microstructure alterations due to the processing methods also induce chemical and structural inhomogeneities that are highly desirable in pool boiling applications (Rishi et al., 2019a).
[image: Figure 3]FIGURE 3 | (A) Schematic illustration representing the GNP draping mechanism during ball milling, (B) TEM image validating GNP draping around a copper particle (20 µm Cu-5% GNP), (C) STEM image depicting the morphological characteristics of GNP-draped-copper particle post ball milling (20 µm Cu-5% GNP), (D) Thermogravimetric analysis TGA showing variation in weight loss with increase in temperature (20 µm Cu-2% GNP), (E) Fourier transform infrared (FTIR) spectroscopy for ball milled and sintered coatings.
Thermogravimetric analysis (TGA) shown in Figure 3D further confirmed the presence of graphene as a sharp peak between 400 and 600°C that corresponds to the degradation of unstable carbon constituent of graphene (Gupta et al., 2018a). This also confirms the chemical and thermal stability of graphene nanoplatelets in Cu/GNP coatings during pool boiling experiments which were performed between 100 and 160°C.
Fourier transform infrared (FTIR) analysis also supported the association of GNP with copper particles through representation characteristic peaks of GNP functional groups. Figure 3E illustrates the FTIR spectra for 2 and 3 wt% of Cu/GNP coatings. The peaks include aromatic rings (C=C) at 1,570 cm−1, stretching vibration C=O of carboxyl groups at 1,630 cm−1, O–H deformation vibrations resulting from C–OH at 1,310 cm−1, and C–O–C stretching vibration at 1,200 cm−1. A summary of the peaks, their corresponding frequency region, and their structural description is provided in Table 1.
TABLE 1 | Fourier transform infrared spectra for GNP-based functional surfaces showing functional groups and corresponding absorption frequency regions.
[image: Table 1]Coating Methods and Effects on Surface Morphology
One of the goals of this work was to investigate the efficacy of ball milling of copper and GNP particles prior to coating. In this regard, the study focused on comparing surfaces made by 1) electrodeposition of copper and GNP that were not ball milled, 2) sintering of ball milled particles, 3) adding salt-patterning step while sintering of ball-milled particles. Figure 4 represents the laser optical images of 1) electrodeposited coatings, 2) sintered coating of ball-milled particles and, 3) sintered and salt-patterned coating of ball-milled particles along with their corresponding 3D surface analysis. The samples shown in Figure 4 are chosen based on their highest pool boiling performance within each coating technique. All coatings in the figure have GNP additions and are imaged at the same magnification. The surface roughness (Sa) and maximum peak to valley measurements (Sz) indicated on the 3D mapping images were calculated using ISO 25178 code for surface texture analysis. No trends in these measurements could be discerned. However, close observation of the 3D images reveals highest level of surface porosity in the ball milling + salt-patterned + sintered coating. This is attributed to the additional salt-patterning step that allows for the formation of larger open pores nearly the size of salt pellets used for patterning.
[image: Figure 4]FIGURE 4 | Laser optical images for electrodeposited and sintered coatings representing Sa (surface roughness) and Sz (maximum peak to valley measurement) values and their corresponding 3D mapping images.
3D-surface analysis performed by laser confocal microscope was complemented by electron microscopy to gain an insight on the interconnected porosity for the best pool boiling performing coatings 1) electrodeposited, 2) ball milled + sintered, and 3) ball milled + salt patterned + sintered. Figure 5A demonstrates taller hierarchical porous structures corresponding to the large peak to valley (Sz) possessed by the 2% GNP electrodeposited coatings. In contrast, Figures 5B,C showed reduced interconnected pores which is attributed to the flattening of the particles due to ball milling and spreading of the GNP sheets over flattened copper particles. The laser microscope confirms this, both ball-milled coatings have 50% or less Sz as compared to the 2% GNP electrodeposited coatings. The addition and subsequent removal of salt pellets after salt patterned sintering yielded deep, hollow, and highly variable in dimension-based structures analogous to the size of salt pellets in the range 40–200 µm. The higher depth and density of surface pores was also confirmed by 3D surface analysis (Figure 4C). In combination with ball milling, the salt-patterned resultant composite surfaces demonstrated greater and deeper surface porosity, which can be attributed to the flattening of the particles and spreading of the graphene sheets on the substrate.
[image: Figure 5]FIGURE 5 | 55° stage tilted scanning electron microscope images for (A) 2% GNP electrodeposited surface, (B) 20 µm Cu-2% GNP ball milled + sintered surface, and (C) 20 µm Cu-3% GNP ball milled + salt patterned sintered surface, (D) Plot showing the number of pores vs equivalent projected circle (EQPC) diameter of pores for different functional surfaces.
ImageJ analysis was performed on all the SEM images to obtain correlation between equivalent projected circle (EQPC) diameter of pores with number of pores as shown in Figure 5D (procedure provided in Supplementary Section S3). EQPC is a widely used method to estimate the projected area of the particles of arbitrary shapes; in this work, it was also used to assess the pore diameter (Hamilton et al., 2012; Li and Iskander, 2019). The plot on Figure 5D corresponds to the ImageJ analysis of the SEM images on Figures 5A–C. Ball-milled, sintered, and salt-templated coatings comprising of 20 µm diameter copper particles with 3 wt% GNP yielded maximum number of pores for almost all EQPC diameters ranging from 5 to 16 µm. Additional SEM images revealed larger pores (>50 µm) were also observed for salt-patterned sintered coatings. Wettability of the coatings was also investigated by measuring the static and dynamic contact angles. All GNP-based coatings, irrespective of their deposition technique, exhibited superhydrophilicity with a measure static and dynamic contact angles at 0°. Superior wetting and wicking properties of the coatings were imparted by the addition of GNP (Supplementary Section S5).
It was critical to investigate the impact of processing parameters on the native characteristics of the materials, and therefore Raman spectroscopy and XRD analysis were performed on the Cu/GNP coatings. Figure 6A presents Raman spectra with discrete G, D, and 2D graphene peaks at ∼1,580, ∼1,340, and ∼2,700 cm−1, respectively, for all GNP-based coatings. The G and D peaks correlate with the in-plane vibration of sp2 hybridized carbon atoms and degree of disorder of sp3 hybridized carbon structure, respectively (Childres et al., 2013). A small additional D’ peak observed at 1,610 cm−1 for all the deposited coatings irrespective of the method of deposition has been shown in an enlarged section. Ratio of G and 2D peak intensities (IG/I2D) define the number of deposited graphene layers, whereas the defects and damage of graphene sheets are determined via ratios of D and G peak intensities (ID/IG) (Palaniselvam et al., 2012). In case of electrodeposited coatings, there was a linear increment in the number of deposited graphene layers corresponding to the increased GNP concentration until 2% GNP, and further increase in GNP resulted in poor electrodeposition due to the agglomeration of excess GNP in the electrolyte. A maximum of five layers were deposited for 2% GNP coating. In case of ball-milled and salt-patterned sintered coatings, the increase in GNP concentration caused the number of deposited graphene layers to grow with a maximum of ∼6 layers for 20 µm Cu-3% GNP, and ∼4 layers for 20 µm Cu-2% GNP, respectively. For all the coatings, ID/IG ratio was found to be less than one implying lesser defects and superior quality of deposited graphene (Rishi and Gupta, 2020).
[image: Figure 6]FIGURE 6 | (A) Raman spectroscopy analysis for 2% GNP electrodeposited surface and ball-milled sintered and salt-patterned sintered surfaces (2 and 3% GNP), 55° stage tilted scanning electron microscope images for (B) X-ray diffraction plot for electrodeposited and sintered surfaces.
X-ray diffraction (XRD) spectra on Figure 6B further confirmed no change in fundamental characteristics of both copper and GNP. As observed, the 2θ reflection peaks between 6–10°, and 20° correspond to graphene (G) and 47 and 54° are of copper. A broad and narrow reflection 2θ peak was observed for electrodeposited coating in the range of 6–10° compared to the peaks obtained for sintered coatings. This is attributed to lower concentration of GNP that was associated with copper particles due to their dilution in electrolyte, in contrast to ball milling, wherein larger amounts of GNP were able to associate with copper particles. This higher association of GNP with copper particles due to ball milling was confirmed by a broader diffracted graphene peak that was observed 20° implying a higher degree of disordered packing of larger number of graphene nanoplatelet layers (Blanton and Majumdar, 2013; Gupta et al., 2018b).
Enhanced Boiling Performance with Respect to Surface Characteristics
Pool boiling tests performed with water as the working fluid demonstrated higher heat transfer performance for electrodeposition and sintered coatings than that of nanoscale and homogeneous coatings. The tests were conducted until the CHF was reached, and the maximum heat transfer coefficient (HTC) was calculated by dividing critical heat flux with the wall superheat. The control tests with the plain copper surface yielded a CHF of 125 W/cm2 and an HTC of 53 kW/m2-°C. Figures 7A,B show the typical pool boiling curve and the calculated heat transfer coefficient vs. heat flux plots for the surfaces shown in Figures 4, 5. Compared to a plain copper surface, all GNP-based functional surfaces demonstrated a drastic enhancement in terms of both CHF and HTC. For electrodeposited surface with 2 wt% GNP, the CHF and HTC of 286 W/cm2 and 204 kW/m2-°C was attained. Whereas the CHF and HTC for 20 µm Cu-2% GNP ball-milled and sintered (BM + sintered) coating was 239 W/cm2 and 285 kW/m2-°C. The maximum improvement in both CHF and HTC was obtained for 20 µm Cu-3% GNP ball-milled- and salt-pattern-based sintered (BM + SP + sintered) coating, with a CHF of 289 W/cm2 and HTC of 1,314 kW/m2-°C.
[image: Figure 7]FIGURE 7 | (A) Pool boiling plot showing the variation of heat flux with respect to temperature and, (B) Heat transfer coefficients of GNP-based functional surfaces developed using electrodeposition, ball milling followed by sintering (BM + sintered), and ball milling followed by salt patterned sintering (BM + SP + sintered), (C) Plot indicating the bubble diameter propagation with time, schematic representing the types of pores formed for (D) 2% GNP electrodeposited surface, (E) 20 µm Cu-2% GNP ball milled + sintered surface, and (F) 20 µm Cu-3% GNP ball-milled + salt-patterned sintered surface.
Typically, during pool boiling, wall superheat temperature of the heater surface increases with increment in heat flux until CHF. However, in this work, interestingly, for all GNP-based functional surfaces, irrespective of their coating techniques, a unique phenomenon of reduction in wall superheat temperature with increment in heat flux was observed. This phenomenon is termed as “boiling inversion” by researchers. For 2% GNP electrodeposited surface, boiling inversion was observed when heat flux was increased from 70 to 93 W/cm2 and from 201 to 221 W/cm2, whereas for 20 µm Cu-2% GNP ball-milled and sintered (BM + sintered) coating was from 43 to 64 W/cm2. In case of 20 µm Cu-3% GNP ball-milled- and salt-pattern-based sintered (BM + SP + sintered) coating, boiling inversion was observed during the step increment of heat flux from 129 to 159 W/cm2. It is postulated that the effect of active nucleation sites is maximized at these heat fluxes which causes the intensified bubble activity on the heater surface leading to a drastic reduction in the wall superheat temperature with an increment in heat flux. Boiling inversion is an intricate phenomenon and in the case of GNP-based functional surfaces, this inversion is attributed to various factors including formation of hierarchical pores, efficient liquid supply pathways, interconnected pore formation, deposition of GNP layers, and active nucleation site density.
These high CHF and HTC obtained for the coatings can be correlated to their unique surface morphologies. The higher CHF of 286 W/cm2 obtained for the electrodeposited coating is due to the presence of the tall ridge like structures as observed in Figure 5A. The void spaces between the taller structures supply a liquid reservoir that induces microlayer evaporation. The microlayer enhances the nucleation on the surface and subsequently, increases the heat flux dissipation. Additionally, these types of structures create roughness by increasing wickability at the submicron scale. However, when compared to ball-milled surfaces, the HTC obtained for electrodeposited surfaces were observed to be lower at ∼204 kW/m2-°C. The CHF obtained for ball-milled and sintered coating was found to be 239 W/cm2 which is comparatively lower than CHF obtained for electrodeposited coatings. This is ascribed to the flatness of the GNP-copper particles induced by their collisions with balls and walls of mill, and the subsequent spreading or draping of GNP on copper that occurs during the ball milling as seen in Figure 5B. This flatter surface lacked optimum roughness to induce microlayer evaporation to enhance heat dissipation through bubble nucleation. However, a higher HTC was obtained for this coating than that of electrodeposited coatings. An extensive electron microscopy investigation indicated the presence of open and closed pores on these coatings (provided in Supplementary Section S4) which is responsible for a higher HTC by the means of efficient liquid supply pathways. SEM image analysis mentioned in the Supplementary Section S4, shows both top view and stage titled views of the morphology and indicates the additional liquid supply pathways for BM + sintered and BM + SP + sintered coatings. Electrodeposited coatings possessed open pores as shown schematically in Figure 7D that yielded pathways for bubble departure to improve the critical heat flux but could not provide efficient liquid supply to nucleation sites, leading to the reduction in the HTC compared to ball-milled and sintered coating. As again, the schematics in Figures 7E,F indicate the formation of open, closed, and interconnected pores, making them efficient for liquid supply, and thus improving the HTC.
The reduced heat dissipation or lower CHF obtained with sintered coating comprising of ball-milled particles was overcome by implementing a salt-patterning step that formed interconnected porous network and provided larger liquid retention sites for enabling microlayer evaporation. These larger pores also delayed horizontal bubble coalescence (Jaikumar and Kandlikar, 2016; Rishi et al., 2020a) and effectively cooled the heater surface by providing the highest heat transfer coefficient of 1,314 kW/m2-°C achieved till date for porous coatings on plain copper surfaces. Such variation in pore dimensions obtained via salt-patterning also provides secondary boiling effects which are also established in literature (Kruse et al., 2016). In terms of pore characteristics discussed earlier, the pores resulting from ball-milled particles and more so, salt-patterning, demonstrated maximum number of pores (Figure 5D) and closed pore morphology schematically illustrated in Figure 7F. It is hypothesized that these closed pores introduced a large thermal gradient during boiling, which primarily reduced the wall superheat temperature, thereby increasing the HTC as observed in Figure 7A. Further investigations regrading individual effects of deposited GNP layers and their effects on morphology of the coating are being conducted.
High-speed image analysis was also performed on GNP-based functional surfaces to investigate the enhancement mechanism responsible for such dramatic improvements in overall pool boiling performance. Ideally, a smaller vapor bubble with lower departure time is expected for efficient heat transfer. Bubble departure diameters were measured for different surfaces by capturing high-speed videos using Photron Fastcam high-speed camera at 2,000 fps and a heat flux of ∼15 W/cm2. After performing a baseline study, plain copper surface attained the bubble departure diameter of 2.1 mm with a departure time of 13.25 ms. Bubble departure diameters for three surfaces, 2% GNP electrodeposited, 20 µm Cu-2% GNP ball milled + sintered, and 20 µm Cu-3% GNP ball milled + salt patterned sintered were also measured. Because of maximum CHF and HTC, the 20 µm Cu-3% GNP ball milled + salt patterned sintered surface exhibited the lowest bubble departure diameter of 0.45 mm with a departure time of only 2.25 ms. As opposed to that, bubble departure diameter and departure time for 2% GNP electrodeposited surface and 20 µm Cu-2% GNP ball milled + sintered surface were 0.68 mm, 7 ms, 0.81 mm, and 8 ms, respectively. Figure 7C shows the comparison of vapor bubble progression and departure diameters for different surfaces. These values are plotted with respect to time. Time was calculated by considering the total record time and corresponding frames per seconds at which the video was captured (2,000 fps). The shortest bubble departure diameter and time for 20 µm Cu-3% GNP ball milled + salt patterned sintered surface was also regarded as the significant factors in achieving a record-breaking CHF and HTC values.
In addition to bubble departure diameter and time, bubble release frequency is also one of the important parameters that dictate the overall pool boiling performance. One of the most comprehensive correlations between bubble release frequency and vapor bubble departure diameter is provided by Malenkov (1971). Based on this, a bubble release frequency was estimated for all the three coatings used in this study with the following equation:
[image: image]
where, [image: image] is the bubble release frequency (numbers/second), [image: image] is the vapor bubble departure diameter (m), [image: image] and [image: image] are densities of liquid and vapor (kg/m³), [image: image] is the acceleration due to gravity (m/s2), [image: image] is the surface tension of the liquid at saturation conditions (N/m), [image: image] is the latent heat of vaporization (J/kg), [image: image] is the corresponding heat flux (W/m2), and [image: image] represents the velocity of the departing bubble (m/s). Here, [image: image] is given by Eq. 2 (Dhir, 2018).
[image: image]
During boiling, a new bubble can grow only when the pressure at the nucleation cavity becomes equal to the total pressure at the heated surface. With increase in heat flux, bubble release frequency from nucleation sites increase and bubbles merge in the vertical direction forming vapor columns (Dhir, 2018). A smaller bubble diameter and departure time, and a higher bubble release frequency, thus, provides a rapid heat transfer allowing greater reduction in the wall superheat temperature. Based on the measured vapor bubble departure diameters for each of the coating, bubble release frequency was calculated. A maximum bubble release frequency [image: image] of approximately 450 was obtained for 20 µm Cu-3% GNP ball milled + salt patterned sintered surface, around 250 for 2% GNP electrodeposited surface, and 210 for 20 µm Cu-2% GNP ball milled + sintered surface. This value depicts extremely large number of vapor bubble release from the heated surface, and thus contributed in achieving the highest HTC for the salt-patterned surface. At higher heat fluxes, owing to high heat input, bubble release frequency increases further and the activation of additional nucleation sites contribute in obtaining higher heat transfer coefficients.
Pool Boiling Durability Studies of Graphene Nanoplatelets-Based Functional Surfaces
Pool boiling is an extremely vigorous process and a continuous vapor bubble activity on the heater surface during boiling can deteriorate the boiling performance and peel-off the coating. Thus, to test the efficacy and sustainability of the coatings for repetitive pool boiling testing, three repetitive boiling tests were conducted until the CHF condition for the best performing composition, that is, for 2% GNP electrodeposited surface, 20 µm Cu-2% GNP BM + sintered surface, and 20 µm Cu-3% GNP BM + salt-patterned sintered surface. Figures 8A,B shows the CHF and wall superheat value ranges for three repetitive tests. Interestingly, with repetitive testing, the wall superheat temperature for 2% GNP electrodeposited coating was reduced, indicating a higher heat transfer coefficient. In our previous work, we have performed a detailed study on these electrodeposited surfaces and we concluded that owing to reduction of GNP to r-GNP, the reduction in wall superheat temperature is achieved. Reduced-GNP (r-GNP) is the reduced form of GNP which has less oxygen and hydroxyl groups than GNP and possesses higher thermal properties (Rishi et al., 2020b).
[image: Figure 8]FIGURE 8 | (A) Plot comparing the CHF values, and (B) wall superheat values of repetitive boiling tests for 2% GNP electrodeposited surface, 20 µm Cu-2% GNP BM (ball milled) + sintered surface, and 20 µm Cu-3% GNP BM + salt patterned (SP) sintered surface.
It was observed that repetitive testing for these three surfaces did not show a significant deterioration in heat transfer performance of the coatings, indicating the strong adhesion and cohesion of the deposited GNP/Cu material with the base copper heater surface. Nonetheless, future in-depth studies are warranted for these coatings with primary focus on observation of the effect of additional repetitive boiling tests on overall morphology of the coatings and their effect on overall pool boiling performance. The strong adhesion and cohesion obtained for the coatings used in this study is attributed to the addition of GNP and formation of strong bonds using electrodeposition and sintering based techniques.
Both electrodeposition and sintering techniques have a huge potential for large scale applications with moderate costs of coating preparation. Unlike sintering, electrodeposition technique does not require high temperature furnace and longer duration, and thus will be more cost-effective than sintering technique. Electrodeposition technique can be used for the surface of any size and shape and comparatively requires less time to create coatings than sintering technique. In case of sintering, a multiple number of heater surfaces can be sintered at a time in a sintering furnace, making it suitable for large scale applications. However, a thorough analysis on the effect of repetitive testing on coatings and on CHF and HTC is essential before applying these techniques to large scale applications.
This paper presents a detailed discussion on various simple and cost-effective coating processes, their resultant morphologies and surface properties such as wettability, porosity, and roughness that have demonstrated to improve the boiling performance, also summarized in Table 2. It is postulated that the pool boiling enhancement of these surfaces is due to the combination of various factors such as the formation of unique microporous structure, copper/GNP composite deposition, number of deposited graphene layers, increased wicking properties, and bubble dynamics on the heater surface.
TABLE 2 | Common and distinguishing factors responsible for enhancements in pool boiling performance for GNP-based functional surfaces.
[image: Table 2]CONCLUSION
In this work, we present various copper/graphene nanoplatelets (Cu/GNP) based composite coatings for their applications in pool boiling heat transfer. This work focused on drawing the correlations between the coating methods, the effects of process steps on surface morphology that gives rise to superior properties, particularly, wickability, wettability, porosity, and roughness that govern the boiling performance. It was established that coating processes can be tuned to create surfaces with hierarchical interconnected pores that contribute in microlayer evaporation for higher hear dissipation. Electrodeposition processes rendered taller structures with void spaces between them that acted as liquid retention as well as nucleation sites and, this was responsible for a very critical heat flux. Sintering coating was also investigated to overcome the agglomeration of higher concentration of GNP in the electrolyte during electrodeposition. A preliminary step of ball milling of copper and GNP before sintered coating was introduced that led to flatter surfaces with additional roughness. Additionally, salt-patterning was implemented with sintering to control the pore sizes analogous to the sizes of the salt pellets. Sintered coatings with salt-patterning produced record-breaking heat transfer coefficients of 1,314 kW/m2-°C which is attributed to efficient vapor removal and the thermal gradient formations inside the interconnected closed pores that reduced the wall superheat due to cooling effects. The proposed surface functional coatings can potentially be applied to heat transfer equipment or devices and high temperature electronics cooling applications.
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